Two distinct ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) small subunit (SSU) populations were observed in Pteris vittata gametophytes grown under different illumination conditions. Exposure of the fem gametophytes to continuous red light (R) resulted in Rubisco SSUs that were not recognized by polyclonal antibodies raised against SSUs from spinach. Unlike the R-induced SSUs, blue light (B) induced SSUs were well recognized. This difference in SSU composition also reflected in Rubisco activity. In vitro, B-induced Rubisco exhibits a significantly higher carboxylation activity as compared to the R-induced
Rubisco2 (EC 4.1.1.39) is an abundant enzyme in all photosynthetic organisms. It catalyses both photosynthetic CO2 fixation via the carboxylation of RuBP in the Calvin cycle and oxygenation of the same substrate in photorespiration (3) . In C3 plants, which lack a CO2 concentrating system, photosynthesis does not reach maximal efficiency due to the relatively low ratio of CO2/02 in the atmosphere. Possible modification of the holoenzyme structure, leading to a preferential increase in carboxylation activity, could thus increase plant growth.
The Rubisco holoenzyme is composed of eight chloroplastencoded LSUs and eight nuclear-encoded SSUs. The rbcL, encoding the LSU, is present as a single copy per chloroplast genome. Due to reiteration of genomes per chloroplast and chloroplasts per cell, there are thousands of copies of rbcL in every leaf cell (18) . These genes are posttranslationally photoregulated and very conserved throughout evolution (8, 16) . Only small differences have been found in the amino acid sequence of the LSUs from different plants (3) . ' Research supported by the Israeli Ministry of Science and Technology, National Council for Research and Development, under Grant 2694- 1-87. 2Abbreviations: Rubisco, In contrast to the LSUs, the Rubisco SSUs are encoded by a nuclear gene-family, whose members (rbcSs) are usually all expressed (7, 28) . However, individual gene members can show maximal expression in different organs and at different developmental stages (7, 14) . Although there is divergence in the nucleotide sequence of rbcS coding regions, the amino acid composition of the various mature subunits is very conserved and only slight differences amongst the mature proteins have been identified (7) . Transcription of rbcS is light-regulated through phytochrome and a blue-light photoreceptor, which act in concert (12, 14, 25) . This regulation has been shown to be linked to light-responsive elements located upstream to the consensus sequences of the rbcS promoter (12) .
Plant Rubisco requires the presence of both the LSUs and the SSUs for catalysis (1) . The activation site of the enzyme by CO2 and Mg2+, as well as the RuBP binding site, are located on the LSU, which also determines the degree of partitioning between carboxylation and oxygenation (2). There is relatively little known about the SSU role. However, based on crystallography studies of L2 and L8S8 Rubisco, Schneider et al. (24) bition in the dark, synchronized germination was induced by exposing the cultures for 2 h to red light. The spores were kept for an additional 48 h in darkness and then transferred to continuous R (600-660 nm), B (400-550 nm), or W as described before (30) . All cultures were illuminated at an equal energy of 1 W m-2.
Anti-LSU and Anti-SSU Antibodies Preparation of antibodies was carried out essentially according to Zemel and Gepstein (29) . Spinach Rubisco subunits were separated on SDS-PAGE gels and the LSU and SSU bands were eluted. Rabbit anti-LSU and anti-SSU polyclonal antibodies were prepared according to Nelson (23 
Separation of Proteins by Polyacrylamide Gels
The total protein pattern was analyzed on SDS-polyacrylamide gradient gels (5-15% or 10-20%) (4) . Rubisco holoenzyme was first separated on 5 to 25% nondenaturing polyacrylamide gels. The holoenzyme band was eluted in 25 mM Tris, 0.2 M glycine, 12.5% glycerol, and 2 mm PMSF, at 4°C overnight, and then electrophoresed on SDS-PAGE. Purified spinach Rubisco and/or proteins of known mol wt were included as markers.
Rubisco Carboxylation Activity
Rubisco carboxylase activity was assayed in closed vials, at pH 8.0 and 25°C, by measuring RuBP-dependent incorporation of "'CO2 into acid-stable products. The total assay volume was 0.55 mL and contained 0.3 mL assay buffer (50 mM Tris-HCI [pH 8.0], 1 mm EDTA, 10 mm MgCl2, and 5 mm DTT), 0.1 mL activated enzyme extract and various amounts of ["'C]NaHCO3 or RuBP to give final concentrations as indicated in the legends ofFigures 6 and 7. Full Rubisco activation was achieved by preincubating the enzyme extract at 4°C for 10 min with 10 mM Mg2+ (present in the extraction buffer) and 10 mm NaHCO3. Catalysis was initiated by addition of the activated enzyme to the reaction mixture. The reaction was terminated after 0.5 min of incubation by the addition of 0.1 mL 6 N HCI. Samples were dried for 2 h at 60°C under an air stream, and then counted for radioactivity in Hydroluma. Exact [CO2] ofthe assay solutions were calculated, given the total [NaHCO3] injected (including that added with reactants and buffers as well as CO2 present in the gas phase before closing the vials, altogether 0.46 ,mol), as the distribution of various carbon forms in the assay mixture at the given pH (=0.7% C02), temperature and ionic strength, and taking into account the distribution of CO2 between the aqueous and gas phase of the closed vial (the molar fractionation ratio being 0.88). Preexperiments had shown that CO2 equilibria with the gas phase were completed well within the activation period.
RESULTS

Growth of Gametophytes under Blue or Red Illumination
The free-living haploid gametophytes of the fern Pteris vittata are easy to manipulate and their growth can be controlled and synchronized by red and blue light (30) . Figure 1 shows the different pattern of development of P. vittata gametophytes as a result of growth under continuous R, B, or W. The R gametophytes are filamentous while the B gametophytes exhibit the usual two-dimensional growth pattern similar to that observed under W. Furthermore, the chloroplasts of the R gametophytes are mainly concentrated at the tip of the filament around the nucleus while in B and W gametophytes there is a relatively even distribution of chloroplasts in the cells.
Protein Patterns in R, B, and W Gametophytes
The morphological differences observed in gametophytes grown under different light spectra led us to question whether any alterations in total protein pattern between these three groups could also be detected. Crude extracts prepared from each illumination group were electrophoresed on a 10 to 20% SDS-polyacrylamide gel (Fig. 2) . No significant differences were detected in the pattern of protein distribution in any of the extracts. Similarly, no apparent difference in the relative intensities of the bands could be observed. But when fern Rubisco subunits were compared to spinach Rubisco subunits, the fern SSU is 1.3 kD smaller than that of the spinach.
Interestingly, in cyanobacterial SSUs a 12 amino acid portion is missing (3) and this accounts for a peptide that is 1.4 kD smaller than the higher plant SSUs. 
Identification of Rubisco Holoenzyme and Subunits in Fern Gametophytes
To specifically identify Rubisco LSUs and SSUs in the R-, B-, and W-gametophytes, equal amounts of protein extracts were separated on SDS-PAGE gels. Thereafter the gels were blotted onto nitrocellulose filters and probed with polyclonal antibodies raised in rabbit against either SDS-treated spinach LSU or SSU. Figures 3 and 4 show typical immunoblots using anti-LSU or anti-SSU, respectively, as probes. LSUs in extracts from each light treatment are equally recognized by anti-LSU sera (Fig. 3) . However, R-induced SSUs are not recognized by antibodies raised against SSU from spinach, while B-and W-induced SSUs are well recognized (Fig. 4) . Application of a double amount of protein extract did not improve detection of R-induced SSUs (10) . Because R and B LSUs are equally well recognized by spinach anti-LSU sera, the addition of a small amount of anti-LSU, as marker, to the anti-SSU served to verify that equal amounts of Rubisco, from each treatment, were indeed loaded on gels. The surprising lack of reactivity of the anti-SSU antibodies with the SSUs ofthe R-gametophytes raised the possibility that perhaps the SSUs were entirely missing in the R-induced gametophytes. Therefore, the three types of protein extracts, isolated under nondenaturing conditions, were electrophoresed on native PAGE gels (Fig. 5, panel A) Figure 6 depicts carboxylation activity as a function of increasing concentrations of RuBP. It shows clearly that the carboxylation activity of B-gametophytes is significantly higher than that of R-gametophytes. Similarly, when Rubisco carboxylation activity was determined in the presence of increasing concentrations of NaHCO3 (CO2) (Fig. 7) , again an approximately threefold higher maximal rate of carboxylation is observed in the B-gametophyte extract. Evidently, a certain correlation exists between differences in SSU primary structure as revealed by its antigenicity and the holoenzyme carboxylation activity. Figure 7 . Rubisco carboxylase activity as a function of C02 concentration in the assay. Fern gametophytes were grown in continuous R or B for 24 d. Rubisco enriched extracts were prepared from both illumination groups as described in "Materials and Methods." Carboxylation activity was assayed using 25 Ag (24) suggests that the SSU can modulate substrate binding by inducing conformational changes ofthe active site. The degree ofpartitioning between carboxylation and oxygenation (T value) of Rubisco from higher plants as compared to that of less evolved photosynthetic organisms (r = 80 for higher plants, r = 60 for algae, and T = 50 for cyanobacteria) on one hand and the conservation of LSU amino acid sequences throughout evolution on the other hand suggest that differences in SSUs may play an important role in increasing Rubisco net carboxylation activity (3, 19) . Nevertheless, no change in the T value was revealed by Andrews and Lorimer (2) when comparing catalytic properties of a hybrid between cyanobacterial LSUs and higher plant SSUs of Rubisco with those of a homologously reassembled cyanobacterial enzyme. Similar studies using higher plant LSUs have not been performed yet due to the irreversible denaturation of LSUs in the absence of SSUs and the need for a chaperon for a correct assembly of the LSU octamer (1 1, 15, 26) . Using a different approach, the contribution of SSUs to Rubisco activity has also been studied in Anacystis nidulans by Voordouw et al. (27) . They performed site-directed mutagenesis of two Trp residues in one of the conserved regions of cyanobacterial rbcS. The mutated enzyme had a similar T value and therefore in this respect it confirms the results of Andrews and Lorimer (2) . However, whereas the Km (C02) was unchanged, the Vmax (CO2) was significantly lower for the mutated enzyme as compared to the wild-type one, demonstrating that single amino acid replacements in the so called "noncatalytic" SSU influence the catalytic rate of the enzyme. These results suggest an activating rather than regulating role for the SSU.
The fern gametophytes are a unique system for the study of the contribution of SSUs to Rubisco activity. This system enables us to examine naturally modified sources of rbcSs by using the special photoinduced occurrence of two distinct SSU populations. Although we have not determined the T values of the R-and B-gametophytes, our results clearly suggest a functional role for the SSUs. Hence, comparison of SSU amino acid sequences in R-and B-gametophytes might indicate specific amino acid differences affecting carboxylation activity. A computer prediction (9) of the antigenic index oftobacco SSU shows that the evolutionary conserved region, composed of amino acids 40 to 70 in the mature polypeptide, is expected to be the most antigenic. Interestingly, the point mutations in Anacystis rbcS affecting carboxylation activity, introduced by Voordouw et al. (27) , are also located in this region. Thus, it is plausible that the differential immunorecognition observed in the fern gametophyte SSUs could be due to changes in amino acid sequences in this particular region.
In contrast to the rbcL, transcription of rbcSs is known to be light-regulated, both through the phytochrome system and via blue light receptor (12, 13) . Quantitative regulation of rbcS has been attributed mainly to sequences 5' and/or 3' to the coding region (5, 6, 20) . Differences between expression of rbcS genes do exist between different organs and at various developmental stages (7). Thus, it is possible that under various light spectra different rbcSs from the multigene family are expressed. Currently the fern rbcS gene-family is being studied in order to point out possible differences in rbcS exons that could affect carboxylase activity. 
